New data from the T2K neutrino oscillation experiment produce the most precise measurement of the neutrino mixing parameter θ23. Using an off-axis neutrino beam with a peak energy of 0.6 GeV and a data set corresponding to 6.57 × 10 20 protons on target, T2K has fit the energydependent νµ oscillation probability to determine oscillation parameters. The 68% confidence limit 3 on sin 2 (θ23) is 0.514
New data from the T2K neutrino oscillation experiment produce the most precise measurement of the neutrino mixing parameter θ23. Using an off-axis neutrino beam with a peak energy of 0.6 GeV and a data set corresponding to 6.57 × 10 20 protons on target, T2K has fit the energydependent νµ oscillation probability to determine oscillation parameters. The 68% confidence limit on sin 2 (θ23) is 0.514
−0.056 (0.511 ± 0.055), assuming normal (inverted) mass hierarchy. The bestfit mass-squared splitting for normal hierarchy is ∆m 2 32 = (2.51 ± 0.10) ×10 −3 eV 2 /c 4 (inverted hierarchy: ∆m 2 13 = (2.48 ± 0.10) ×10 −3 eV 2 /c 4 ). Adding a model of multinucleon interactions that affect neutrino energy reconstruction is found to produce only small biases in neutrino oscillation parameter extraction at current levels of statistical uncertainty. 
where L(km) is the neutrino propagation distance, E ν (GeV) is the neutrino energy and ∆m 2 (eV 2 /c 4 ) is the relevant neutrino mass-squared splitting: ∆m for inverted hierarchy (IH). Oscillation occurs because neutrino flavor eigenstates are linear superpositions of mass eigenstates, related by a mixing matrix parametrized by three mixing angles θ 12 , θ 23 , θ 13 , and a CP violating phase δ CP [1] . Previous measurements [2] [3] [4] [5] [6] [7] have found θ 23 ≈ π/4. There is considerable interest in precise measurements of θ 23 that can constrain models of neutrino mass generation (see reviews in [8] [9] [10] [11] [12] [13] ), determine if sin 2 (2θ 23 ) is nonmaximal, and, if so whether θ 23 is less or greater than π/4.
In this Letter, we report the world's most precise measurement of sin 2 (θ 23 ), using more than twice as much data as our previous result [2] , as well as new data selections in T2K's near detector that measure single pion production processes that can mimic the oscillation signal in T2K's far detector, Super-Kamiokande (SK). We also consider the effects of multiple nucleons ejected in neutrino-nucleus interactions that can cause incorrect neutrino energy estimates and so affect the oscillation probability measurement.
T2K experiment.-The T2K experiment [14] combines (1) a muon neutrino beam line, (2) near detectors, located 280 m downstream of the neutrino production target, that characterize the neutrino beam and constrain the neutrino flux parametrization and cross sections, and (3) the far detector, SK, located at a distance of L = 295 km from the target. The neutrino beam axis is 2.5
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grounds from higher-energy neutrino interactions and enhances the sensitivity to θ 23 . The beam's peak energy of E ν =2(1.267∆m 2 L/π) ≈ 0.6 GeV corresponds to the first minimum of the ν µ survival probability at this distance.
A 30 GeV proton beam is extracted in 5 µs spills from the J-PARC main ring, directed toward Kamioka in the primary beam line, and hits a graphite target. Beam monitors measure the beam's intensity, trajectory, profile, and beam losses. Pions and kaons produced in the target decay into neutrinos in the secondary beam line, which contains three focusing horns and a 96-m-long decay tunnel. This is followed by a beam dump and a set of muon monitors.
The near detector complex [14] contains an on-axis Interactive Neutrino Grid detector (INGRID) [16] and an off-axis magnetized detector, ND280. INGRID provides high-statistics monitoring of the beam intensity, direction, profile, and stability. ND280 is enclosed in a 0.2 T magnet containing a subdetector optimized to measure π 0 s (PØD) [17] , three time projection chambers (TPC1,2,3) [18] alternating with two one-tonne fine grained detectors (FGD1,2) [19] , and an electromagnetic calorimeter [20] that surrounds the central detectors. A side muon range detector [21] identifies muons that exit or stop in the magnet steel.
The SK water-Cherenkov far detector [22] has a 22.5 kt fiducial volume within a cylindrical inner detector (ID) with 11 129 inward-facing 20 phototubes. Surrounding the ID is a 2 meter wide outer detector with 1885 outward-facing 8 phototubes. A global positioning system with <150 ns precision synchronizes the timing between SK events and the J-PARC beam spill.
Data were collected during four periods: January-June 2010, November 2010-March 2011, January-June 2012, and October 2012-May 2013. The proton beam power on the target steadily increased, reaching 220 kW with a world record of 1.2 × 10 14 protons on target (POT) per spill. The total neutrino beam exposure on the SK detector was 6.57 × 10 20 POT. Analysis strategy.-The analysis determines oscillation parameters by comparing the observed and predicted ν µ interaction rates and energy spectra at the far detector. These predictions depend on the oscillation parameters, the incident neutrino flux, neutrino interaction cross sections, and the detector response.
A measurement of ν µ charged current (CC) events in ND280 is used to tune both the initial flux estimates and parameters of the neutrino interaction models. The measurement also estimates the uncertainties in the predicted neutrino spectrum at the far detector. In this new analysis, the ND280 measurement provides better constraints on the flux and interaction model parameters by using improved event selections, reconstruction, and higher ND280 statistics. This improvement was achieved by dividing CC events into three categories based on the number of pions in the final state.
At SK, the rate and energy spectrum of ν µ charged current quasielastic (CCQE) events are used to determine the oscillation parameters through a maximum likelihood fit. The fit accounts for uncertainties in the predicted spectrum not only from the ND280-constrained flux and interaction models but also SK detector selection efficiencies, final state interactions (FSI) inside the nucleus, and secondary pion interactions (SI) in the detector material.
Initial neutrino flux model.-Detailed simulations of hadron production and secondary interactions for primary beam protons striking T2K's graphite target predict the neutrino fluxes at ND280 and SK [15] . The simulation is tuned to hadron production data such as those from NA61/SHINE for 30 GeV protons on graphite [23] . Pions and kaons produced outside the experimentally measured phase space are modeled using FLUKA2008 [24] . The GEANT3-based simulations model the horns' magnetic field, particle interactions in the horns and decay region, and neutrino production from hadron decays. Flux uncertainties are 10%-20%, varying with energy, and are dominated by hadron production uncertainties. Full covariances between all SK and ND280 energy bins and ν flavors are calculated [25] .
Neutrino interaction simulations and cross section Parameters.-The NEUT Monte Carlo (MC) generator [26] is used to simulate neutrino interactions in T2K's detectors. External data, especially from the MiniBooNE experiment [27] , set the initial parameters and their uncertainties subsequently used in the fit to the ND280 data [25] . Neutrino interaction parameters fall into two categories: parameters common between ND280 and SK, and independent parameters affecting interactions at only one detector. The common parameters include the axial masses for CCQE and resonant pion production, as well as 5 energy-dependent normalizations; these are included in the fit to the ND280 data, as discussed in the next section. Since the ND280 target is mainly carbon while SK's target is mainly oxygen, additional independent parameters are required which describe the nuclear model used for CCQE simulation (Fermi momentum, binding energy and spectral function modeling). Five additional cross section parameters relate to pion production, the neutral current (NC) cross section, the ν e /ν µ CC cross section ratio, and the ν/ν CC cross section ratio. These independent cross section uncertainties (11 parameters) produce a 4.9% fractional error in the expected number of SK events (see Table I ). Multinucleon interactions are thought to lead to an enhancement of the low-energy cross section [28] [29] [30] [31] [32] and have been modeled with a variety of approaches [33] [34] [35] [36] [37] . These effects, not currently included in NEUT, may affect the oscillation parameter determination [38] [39] [40] [41] [42] [43] . The penultimate section presents a study of this potential bias.
ND280 measurements and fits.-The neutrino flux, spectrum, and cross section parameters are constrained using ν µ CC interactions in ND280. We select the highest-momentum negatively charged track entering TPC2 with a vertex inside FGD1's fiducial volume and an energy loss in TPC2 consistent with a muon. Events originating from interactions in upstream detectors are vetoed by excluding events with a track in TPC1, which is upstream of FGD1.
The ND280 analysis includes many improvements [44] over T2K's previous ν µ disappearance measurement [2] , and used a data set with 5.90 × 10 20 POT. The selected CC candidate events are now divided into three samples: CC-0π, with no identified pions; CC-1π + , with exactly one π + and no π − or π 0 ; and CC-other, with all the other CC events. The CC-0π are dominated by CCQE interactions; CC-1π + are dominated by CC resonant pion production; and CC-other, a mixture of resonant production and deep inelastic scattering having final states with π 0 's, π − 's, or multiple pions. A π + is identified in one of three ways: an FGD+TPC track with positive curvature and a TPC charge deposition consistent with a pion, an FGD-contained track with a charge deposition consistent with a pion, or a delayed energy deposit due to a decay electron from stopped π + → µ + in the FGD. A π − is tagged only by a negatively curved FGD+TPC track. A π 0 is identified from a track in the TPC with a charge deposition consistent with an electron from a γ conversion.
The dominant sources of uncertainty are events occurring outside the FGD fiducial volume and pion reinteractions in the detector.
We fit these three samples for 25 parameters describing the beam flux in bins of energy and neutrino type at ND280. These parameters strongly correlate with flux parameters at SK. We also fit for 19 cross section parameters and for nuisance parameters describing correlated detector uncertainties of the data bins (10 momentum × 7 angle bins for each sample).
We observe 17 369, 4047, and 4173 data events in the CC-0π, CC-1π + , and CC-other samples, respectively. Using the best-fit parameters, the simulated numbers of events are 17 352, 4110, and 4119 for the CC-0π, CC-1π + , and CC-other samples. Figure 1 shows distributions of the muon momentum and angle relative to the beam direction for the CC-0π sample and the improvement in data and MC agreement when using the best-fit parameters. The fit uses the neutrino interaction model to extrapolate ND280 measurements, primarily covering cos(θ µ ) > 0.5, over SK's 4π angular acceptance.
The fit gives estimates for 16 beam flux parameters at SK, the seven common cross section parameters, and their covariance. Using the ND280 data reduces the uncertainty on the expected number of events at SK due to these parameters from 21.6% to 2.7%.
SK measurements.-An enriched sample of ν µ CCQE events, occurring within -2 µs to +10 µs of the ex- pected neutrino arrival time, is selected in SK. We require low activity in the outer detector to reduce entering backgrounds. We also require: visible energy > 30 MeV, exactly one reconstructed Cherenkov ring, µ-like particle identification, reconstructed muon momentum > 200 MeV, and ≤ 1 reconstructed decay electron. The reconstructed vertex must be in the fiducial volume (at least 2 m away from the ID walls) and we reject "flasher" events (produced by intermittent light emission inside phototubes). More details about the SK event selection and reconstruction are found in [22] . The neutrino energy for each event is calculated under the quasielastic assumption as in [2] using an average binding energy of 27 MeV for nucleons in 16 O. The E reco distribution of the 120 selected events is shown in Fig. 2 . The MC expectation without oscillations is 446.0 ± 22.5 (syst.) events, of which 81.0% are ν µ +ν µ CCQE, 17.5% are ν µ +ν µ CC non-QE, 1.5% are NC and 0.02% are ν e +ν e CC. The expected resolution in reconstructed energy for ν µ +ν µ CCQE events near the oscillation maximum is ∼0.1 GeV.
Systematic uncertainties in the analysis are evaluated with atmospheric neutrinos, cosmic-ray muons, and their decay electrons. Correlated selection efficiency parameters are assigned for six event categories: ν µ +ν µ CCQE in three energy bins, ν µ +ν µ CC non-QE, ν e +ν e CC, and NC events. An energy scale uncertainty of 2.4% comes from comparing reconstructed momenta in data and MC for cosmic-ray stopping muons and associated decay electrons, and from comparing reconstructed invariant mass in data and MC simulations for π 0 's produced by atmospheric neutrinos. Systematic uncertainties in pion interactions in the target nucleus (FSI) and SK detector (SI) are evaluated by varying pion interaction probabilities in the NEUT cascade model. These SK detector and FSI+SI uncertainties produce a 5.6% fractional error in the expected number of SK events (see Table I ). Reconstructed energy spectrum for single-ring µ-like SK events. Top: The observed spectrum and expected spectrum with interaction modes for the T2K best fit. Bottom: The ratio of the observed spectrum (points) to the nooscillation hypothesis, and the best oscillation fit (solid).
Source of uncertainty (number of parameters) δn exp SK / n exp SK ND280-independent cross section (11) 4.9% Flux and ND280-common cross section (23) 2.7% SK detector and FSI+SI systematics (7) 5.6% sin 2 (θ13), sin 2 (θ12), ∆m Oscillation fits.-We estimate oscillation parameters using an unbinned maximum likelihood fit to the SK spectrum for the parameters sin 2 (θ 23 ) and either ∆m 2 32 or ∆m 2 13 for the normal and inverted mass hierarchies respectively, and all 45 systematic parameters. The fit uses 73 unequal-width energy bins, and interpolates the spectrum between bins. Oscillation probabilities are calculated using the full three-flavor oscillation framework. Two-dimensional confidence regions in the oscillation parameters are constructed using the Feldman-Cousins method [47] , with systematics incorporated using the Cousins-Highland method [48] . Figure 3 shows 68% and 90% confidence regions for the oscillation parameters for both normal and inverted hierarchies. The 68% and 90% expected sensitivity curves are each 0.04 wider in sin 2 (θ 23 ) than these contours. An alternative analy- Effects of multinucleon interactions.-Inspired by more precise measurements of neutrino-nucleus scattering [50] [51] [52] [53] , recent theoretical work suggests that neutrino interactions involving multinucleon mechanisms may be a significant part of the cross section in T2K's energy range and might introduce a bias on the oscillation parameters as large as a few percent [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . We are the first oscillation experiment to consider the potential bias introduced by multinucleon interactions including potential cancellation from measurements at the near The difference between the reconstructed energy assuming QE kinematics and the true neutrino energy. True QE events with energies below 1.5 GeV show little bias while multinucleon events based on [43] and NEUT pionless ∆ decay (shown scaled up by a factor of 5) are biased towards lower energies.
detector. At T2K beam energies most interactions produce final-state nucleons below SK's Cherenkov threshold, making multinucleon interactions indistinguishable from quasielastic (QE) interactions. Even if the additional nucleon does not leave the nucleus, the multinucleon mechanism alters the kinematics of the outgoing lepton, distorting the reconstructed neutrino energy which assumes QE kinematics (see Fig. 4 ) in addition to increasing the overall QE-like event rate.
The T2K neutrino interaction generator, NEUT, includes an effective model (pionless ∆ decay) that models some but not all of the expected multinucleon cross section. In order to evaluate the possible effect on the oscillation analysis, we perform a Monte Carlo study where the existing effective model is replaced with a multinucleon prediction based on the work of Nieves [43] going up to 1.5 GeV in energy. We used this modified simulation to make ND280 and SK fake data sets with randomly chosen systematic uncertainties but without statistical fluctuations, and performed oscillation analyses as described above on each of them, allowing ND280 fake data to renormalize the SK prediction. The mean biases in the determined oscillation parameters are < 1% for the ensemble, though the sin 2 (θ 23 ) biases showed a 3.5% rms spread.
Conclusions.-The measurement of sin 2 (θ 23 ) = 0.514 +0.055 −0.056 (0.511 ± 0.055) for NH (IH) is consistent with maximal mixing and is more precise than previous measurements. The best-fit mass-squared splitting is ∆m Possible multinucleon knockout in neutrino-nucleus interactions produces a small bias in the fitted oscillation parameters and is not a significant uncertainty source at present precision.
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